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Chiral Magnetic Effect(CME) is usually believed not receiving higher order corrections due to the
non-renormalization of AVV triangle diagram in the framework of quantum field theory. However,
the CME-relevant triangle, which is obtained by expanding the current-current correlation requires
zero momentum on the axial vertex, is not equivalent to the general AVV triangle when taking
the zero-momentum limit owing to the infrared problem on the axial vertex. Therefore, it is still
significant to check if there exists perturbative higher order corrections to the current-current cor-
relation. In this paper, we explicitly calculate the two-loop corrections of CME within NJL model
with Chern-Simons term which ensures a consistent µ5. The result shows the two-loop corrections
to the CME conductivity are zero, which confirms the non-renomalization of CME conductivity.
I. INTRODUCTION
The electric current induced by strong magnetic field
and chirality imbalance in heavy ion collisions, which is
called chiral magnetic effect(CME)[1–6], is rising interest
in recent years. It states that in off-central heavy ion
collisions, a strong magnetic field perpendicular to the
collision plane has been generated to induce an electric
current due to the non-trivial QCD vacuum configuration
[4, 7] which is described by
nw = −Nfg
2
32pi2
∫
d4xµνρλF
l
µνF
l
ρλ (1)
where a non-zero winding number nw indicates the im-
balance of left-handed and right-handed quarks. Since
the spin magnetic moment always tends to be paral-
lel to the external magnetic field by the lowest Landau
level, the positive(negative) helicity quark carries current
parallel(anti-parallel) to its magnetic moment. Hence,
the direction of induced current depends on quarks with
positive or negative helicity in majority. As a result, an
electric current is induced by the separation of quarks
carried opposite electrical charge due to the non-zero ax-
ial charge density with P and CP violation. The ex-
periments in RHIC[8–11] and LHC[12] have reported the
some observations of charge seperation which might be
relevant to CME current.
The CME classical result, i.e., the linear relationship
between the induced current and the magnetic field is
often written as
J = η
e2
2pi2
µ5B (2)
where η = Nc
∑
f
q2f , qf is the charge number of flavour
f and µ5 is the axial chemical potential. This result can
be achieved in various methods, such as balancing the
∗ tliuhui@jnu.edu.cn
energy, solving the Dirac equation and from the thermal
potential or the effective action[5]. It is also related to
the AVV triangle diagram which contains an axial ver-
tex and two vector vertices. The relation of triangle dia-
gram to CME also analyzed in the longitudinal and trans-
verse part of anomalies[13]. Moreover, the CME can also
be studied in the holographic model[14–17], anomalous
hydrodynamics[18] and lattice simulation[19, 20].
The non-renormalization of CME is a rather subtle is-
sue in current publications. In the framework of quantum
field theory, the induced electric current can be related to
the magnetic field through linear response theory. There-
fore the CME conductivity is proportional to the current-
current correlation which contains the parameter µ5 that
discribes the imbalance of chirality. Expanding the cor-
relation to the first order of µ5 is equivallent to tran-
form the two-point loop diagram to the VVA triangle
diagram(see fig.1, and also Sec.II), which is protected
from higher order corrections through the well-known
Adler-Bardeen theorem[21]. In addition, even introduc-
ing Chern-Simons term into the effective action for a con-
sistent µ5[22], which guarantees the conservative axial
charge, one could also prove that all corrections to the
topological mass term vanish identically[23]. Such non-
renomalization property agrees with the hydrodynamic
calculations[18, 24] that makes people believe the CME
recieves no higher order perturbative corrections. How-
ever, this is not the whole story. From the lattice point of
view, the lattice simulation for CME disagrees with the
classical CME result in quantitative level[19, 20], even
O(µ5) in =
γ5γ4
+
γ5γ4
Q Q
FIG. 1. The sketch of expansion of current-current correla-
tion with respect to the CME. The double line denotes for
the propagator with µ5, while the single line denotes for the
regular fermion propagator. The cross vertex denotes for the
axial vertex with zero-momentum incoming.
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2though the systematic effects have been considered[25].
Kinetic theory points out that those differences may come
from the attractive axial vector interaction[26]. The in-
teracting lattice model indicates that CME may receive
correction from inter-fermion interactions which are not
relevant in practice[27]. From the quantum field theory
point of view, there is an axial vertex with zero momen-
tum on the triangle diagram with respect to the classical
CME, which is not equivallent to the general AVV tri-
angle when taking the zero-momentum limit on the ax-
ial vertex because it suffers IR problem. As we know,
only at the limit order lim
q→0
lim
q0→0
, with (q0,q) the four-
momentum of axial vertex, the general AVV triangle can
reproduce the classical CME result[28]. What is more, if
introducing the Chern-Simons term, one could prove that
the current-current correlation with respect to the CME,
which is represented by the AVV triangle with zero in-
coming momentum at axial vertex, vanishes at one-loop
level[28], so that Eq.(2) is completely contributed by the
Chern-Simons term. As far as we know, there is no gen-
eral argument which suggests the current-current corre-
lation vanishing for all higher order corrections. The full
picture of the higher order correction of chiral magnetic
effect is ambiguous yet. In this paper, we aim to calcu-
late the current-current correlation which contributes to
the CME current at two-loop level within NJL model to
examine whether the two-loop corrections exist or not.
In section II, we will start from the framework of the
chiral magnetic conductivity through the thermal field
theory. In section III, we will calculate the two-loop
diagrams from the NJL model with Pauli-Villars regu-
larization. Section IV is the conclusion. In this paper,
we will adopt the Euclidean metric diag(1,1,1,1) and the
Minkowski four momentum P = (p, ip0) for p0 real. All
gamma matrices are hermitian.
II. THE FRAMEWORK OF CHIRAL
MAGNETIC CONDUCTIVITY
Consider the effective Lagrangian density of a massless
quark matter with non-zero axial charge :
L = −1
4
F lµνF
l
µν −
1
4
FµνFµν − ψ¯
(
γµ∂µ − igT lγµAlµ − ı˙eqˆγµAµ
)
ψ + µ5(ψ¯γ4γ5ψ + iΩ4) (3)
where qˆ is the diagonal matrix of electric charge in flavour
space, µ5 is the axial chemical potential respectively. Ω4
is the fourth component of the Chern-Simons term which
is given by
Ωµ = i
Nfg
2
8pi2
µνρλA
l
ν
(
∂Alλ
∂xρ
− 1
3
f labAaρA
b
λ
)
+ iη
e2
4pi2
µνρλAν
∂Aλ
∂xρ
(4)
where Nf is the number of flavour and l is the colour
index for SU(Nc) field (Nc = 3).
In the thermal field theory, the generating functional of
Green’s function is corresponding to the partition func-
tion. Following the general procedure of thermal field
theory[28], the electric current can be written as
Ji(x) =
δΓ[A]
δAi(x) + η
e2
2pi2
µ5Bi (5)
where Ai and Bi are the thermal average of gauge field
Ai and magnetic field Bi. The second term of Eq.(5)
is generated by the Chern-Simons term. Expanding the
action Γ[A] according to A, one will obtain the current-
current correlation as leading order coefficient,
Γ[A] =
∫
d4Q
(2pi)2
[
−1
2
A∗µ(Q)Πµν(Q)Aν(Q) +O(A3)
]
.
(6)
Therefore, the induced current is given by
Ji(Q) = KijAj(Q) (7)
where
Kij = −Πij(Q)− iη e
2
2pi2
µ5ijkqk +O(A2). (8)
Regarding to the chiral magnetic conductivity, we need
to isolate the coefficient of µ5ijkqk in Πij .
Obviously, the second term of Eq.(8) is originated from
the Chern-Simons term which is protected from higher
order corrections. While the first term is a two-point
correlation function which may recieve decorations from
quantum chromodynamics(QCD). These decorations run
rather complicated at two-loop or higher levels, thus we
introduce the Nambu-Jona-Lasinio(NJL) model to sim-
ulate the QCD interactions where the four-fermion in-
teractions instead of non-Abelian gauge field will greatly
reduce the complications in calculation. The interacting
part of NJL Lagrangian is given by
LNJLint = −GVµ(x)Vµ(x) = −G(ψ¯γµψ)2 (9)
with G the coupling constant. Notice that a momen-
tum space cutoff Λ is provided in g2 = GΛ2. Notice
that the interaction in Eq.(9) contains both direct and
exchange terms which corresponds to two types of con-
traction which are shown in figure 2. By introducing the
3a
b
c
d
a
b
c
d
a
b
c
d
= +
FIG. 2. The four fermions interaction where the first diagram
on the right hand side refers to the direct term and the second
diagram refers to the exhange term.
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FIG. 3. Feynman diagrams of the two-loop current-current
correlation. The solid fermion line represents the propagator
with µ5. The dashed line and double dashed line represent the
coupling of vector vertex and axial vector vertex, respectively.
Fierz transformation, one obtains the Lagrangian
LNJLint = G[(ψ¯ψ)2−(ψ¯γ5ψ)2]−
3G
2
(ψ¯γµψ)
2−G
2
(ψ¯γµγ5ψ)
2
(10)
where only direct interactions are involved. It is easy to
verify that only the last two terms of Eq.(10) have non-
zero contribution owing to the traces of gamma matrix.
Therefore, all we need to compute are the 6 diagrams in
figure 3 in which the single or double dashed lines cor-
responds to the vector and axial vector direct coupling,
not propagators.
III. THE TWO-LOOP CORRECTIONS
Following the effective Lagrangian Eq.(3), one can read
out the free quark propagator with a four momentum
P = (p, p4) = (p, ip0)
SF (P |m) = i/P + µ5γ4γ5 −m
(11)
where m is the quark mass and /P = γ4p0 − iγ · p. In
our calculation, we consider light quarks, i.e., the quark
mass will be set to zero. But since we involve Pauli-
Villars regularization to guarantee the charge conserva-
tion, we keep the mass in the format of propagator. In
the following calculation and statement on figure 3, the
colour-flavour factor η is suppressed and the main figure
number is omitted so that figure (a) refers to figure 3(a)
so on and so forth. In order to compare with the classical
CME conductivity, we focous on the static limit ω = 0
and concern on the term that contains the structure like
µ5qkijk in Πij . In the following calculations, the terms
that irrelevant with such structure are neglected.
A. Figures (a) and (b)
Let us begin with figure (a) and figure (b). Notice that
the small loops with momentum K in these two diagrams
are the same, one can extract it out and denote it by ΛAρ ,
where the subscript A means axial vertex coupling, and
explain figures (a) and (b) as
Πa+bµν ≡ ΛAρ ×
(
ΞA,aρµν + Ξ
A,b
ρµν
)
(12)
where ΞA,aρµν and Ξ
A,b
ρµν represent the big loop in figures
(a) and (b) respectively. The explicit expression for ΛAρ ,
ΞA,aρµν and Ξ
A,b
ρµν are
ΛAρ =
G
2
iT
∑
k0
∫
d3k
(2pi)3
tr
[
i
/K + µ5γ4γ5
γργ5
+
∞∑
s′=1
Cs′
i
/K + µ5γ4γ5 −Ms′
γργ5
]
(13)
and
4ΞA,aρµν(Q) =ie
2T
∑
p0
∫
d3p
(2pi)3
tr
[
i
/P ′ + µ5γ4γ5
γργ5
i
/P ′ + µ5γ4γ5
γµ
i
/P + µ5γ4γ5
γν
+
∞∑
s=1
Cs
i
/P ′ + µ5γ4γ5 −Ms
γργ5
i
/P ′ + µ5γ4γ5 −Ms
γµ
i
/P + µ5γ4γ5 −Ms
γν
] (14)
ΞA,bρµν(Q) =ie
2T
∑
p0
∫
d3p
(2pi)3
tr
[
i
/P ′ + µ5γ4γ5
γµ
i
/P + µ5γ4γ5
γργ5
i
/P + µ5γ4γ5
γν
+
∞∑
s=1
Cs
i
/P ′ + µ5γ4γ5 −Ms
γµ
i
/P + µ5γ4γ5 −Ms
γργ5
i
/P + µ5γ4γ5 −Ms
γν
] (15)
where P ′ = P +Q. Pauli-Villars regulators are involved
whose coefficients are restricted by the condition
∞∑
s=1
Cs = −1 or
∞∑
s=0
Cs = 0 (16)
Firstly, we expand the spacial component of Eq.(13) to
the linear order of µ5, and complete the trace and obtain
ΛAi = 4GTµ5
∞∑
s′=0
Cs′
∑
k0
∫
d3k
(2pi)3
k4ki
(−k24 − k2 −M2s′)2
+O(µ25) (17)
where we applied a more compact resummation form
with M0 = 0 and C0 = 1. Notice that the sum over Mat-
subara frequencies is done by the contour integration as
shown in Appendix A, one can obtain that
T
∑
k0
k0ki
(k20 − k2 −M2s′)2
=
−ki
4z2
f ′(−z) + ki
4z2
f ′(z)
(18)
where f ′(z) ≡ dfdz , denoting for the derivative of the dis-
tribution function
f(z) =
1
eβz + 1
(19)
and z =
√
p2 +M2s . Since f
′(−z) = f ′(z), the linear µ5
term of ΛAi becomes zero.
Then, we consider the temporal component ΛA4 , which
is contracted with Ξ4µν . Since the leading order of Λ
A
ρ is
linear to µ5, it is sufficient to consider the zeroth order of
µ5 in Ξ4µν . In the following calculation, we will suppress
the index 4 for convenience. The contribution of figure
(a) is given by
ΞA,aµν (Q) =ie
2
∞∑
s=0
Cs × T
∑
p0
∫
d3p
(2pi)3
tr
[
i
/P ′ −Ms
γργ5
i
/P ′ −Ms
γµ
i
/P −Ms
γν
]
.
(20)
The introducing of series of Pauli-Villars regulator can-
cels out all UV divergences and there has applied a more
compact resummation form with M0 = 0. After straight-
forward evaluation on the trace, we expand the expres-
sion in terms of q and single out its linear terms which
yields
ΞA,aij (0, q) =− 4ie2ijkqk
∞∑
s=0
Cs × T
∑
p0
∫
d3p
(2pi)3
2p24 − 23p2 + 2M2s
[−p24 − (p2 +M2s )]3
(21)
where µ = i, ν = j and
∫
d3pplpk →
∫
d3p 13p
2δlk are
applied.
Following the same steps, we can handle with Ξbij and
finally obtain
ΞA,aij + Ξ
A,b
ij =4ie
2ijkqk
∞∑
s=0
Cs × T
∑
p0
∫
d3p
(2pi)3
−3p24 + p2 − 3M2s
[−p24 − (p2 +M2s )]3
. (22)
After performing the summation on Matsubara frequen-
cies, we obtain that
ΞA,aij + Ξ
A,b
ij =4ie
2ijkqk
∫
d3p
(2pi)3
{
1
2p
β2eβp(eβp − 1)
(eβp + 1)3
+
∞∑
s=1
Cs
3M2s
4
1
(p2 +M2s )
5/2
}
. (23)
After performing the three-momentum integration, we
obtain ∫
d3p
1
2p
β2eβp(eβp − 1)
(eβp + 1)3
= pi (24)∫
d3p
1
(p2 +M2s )
5/2
=
4pi
3M2s
. (25)
Then the first term in Eq.(25) cancel each other by con-
sidering Eq.(16), which yields
ΞA,aij + Ξ
A,b
ij = 0. (26)
5Therefore, we end up with
Πa+bij = 0. (27)
B. Figure (c)
Figure (c) contains two similar loops in which each loop
is denoted by ΘA. We write it as
Πcµν ≡ −
G
2
ΘAµρ ×ΘAρν (28)
where
ΘAµρ = −eT
∞∑
s=0
Cs
∑
p0
∫
d3p
(2pi)3
tr
(
i
/P ′ + µ5γ4γ5 −Ms
γµ
i
/P + µ5γ4γ5 −Ms
γργ5
)
.
(29)
Since we are aiming at the spacial components of
current-current correlation, we set µ = i and expand it
in terms of µ5 to the linear order as
ΘAiρ(0, q) = −eT
∞∑
s=0
Cs
∑
p0
∫
d3p
(2pi)3
{ −4p4iρkqk
[−p24 − (p2 +M2s )]2
+
4i( 83p
2p4 − 2P 2p4 − 2M2s p4)δiρ
[−p24 − (p2 +M2s )]3
µ5
}
+O(µ25).
Now let us look at the summation of Matsubara frequen-
cies in the zeroth order of µ5 which reads
T
∑
p0
p0
[p20 − (p2 +M2s )]2
=
−1
4z
f ′(−z) + 1
4z
f ′(z)
(30)
where f ′(z) ≡ dfdz , denoting for the derivative of the dis-
tribution function
f(z) =
1
eβz + 1
(31)
and z =
√
p2 +M2s . Notice that f
′(−z) = f ′(z), one
can conclude that the two terms in (30) are cancelled
out which leads the linear order of µ5 of Eq.(30) to be
zero.
Notice the two loops of figure (c) have the same struc-
ture thus its linear order of µ5 vanishes, i.e.,
Πcij = −
G
2
ΘAiρ ×ΘAρj ∼ O(µ25). (32)
Therefore, we end up with
Πcij = 0. (33)
C. Figures (d) and (e)
Like what we did in section III A, we extract the small
loops in figures (d) and (e) and denote it by ΛVρ , where
V means the vector vertex coupling, and explain figures
(d) and (e) as
Πd+eµν ≡ ΛVρ ×
(
ΞV,dρµν + Ξ
V,e
ρµν
)
(34)
where ΞV,dρµν and Ξ
V,e
ρµν represent the big loop in figures
(d) and (e) respectively. The explicit expression for ΛVρ ,
ΞV,dρµν and Ξ
V,e
ρµν are
ΛVρ =
3G
2
iT
∞∑
s′=0
Cs′
∑
k0
∫
d3k
(2pi)3
tr
[
i
/K + µ5γ4γ5 −Ms′
γρ
]
(35)
and
ΞV,dρµν(Q) = ie
2T
∞∑
s=0
Cs
∑
p0
∫
d3p
(2pi)3
(
i
/P ′ + µ5γ4γ5 −Ms
γρ
i
/P ′ + µ5γ4γ5 −Ms
γµ
i
/P + µ5γ4γ5 −Ms
γν
)
(36)
ΞV,eρµν(Q) = ie
2T
∞∑
s=0
Cs
∑
p0
∫
d3p
(2pi)3
tr
(
i
/P ′ + µ5γ4γ5 −Ms
γµ
i
/P + µ5γ4γ5 −Ms
γρ
i
/P + µ5γ4γ5 −Ms
γν
)
. (37)
It is easy to check that the term of linear µ5 vanishes
after the trace, and only zeroth order of µ5 survived in
Eq.(35). However, even in the zeroth order, the spacial
components of ΛVρ are zero due to the integration on an
odd function, thus the only non-zero component is
ΛV4 =
3
2
iGT
∞∑
s′=0
Cs′
∑
k0
∫
d3k
(2pi)3
4k4
−k24 − k2 −M2s′
+O(µ25)
(38)
6After accomplishing the summation on Matsubara fre-
quencies, one ends up with
ΛV4 = −3G
∞∑
s′=0
Cs′
∫
d3k
(2pi)3
(39)
Considering the regularization condition Eq.(16), one can
conclude that
Πd+eij = 0 (40)
even without doing the tedious calculation on the big
loop of ΞVρµν .
D. Figure(f)
Figure (f) contains two similar loops in which each loop
is denoted by ΘV . Then the diagram is interpreted as
Πfµν ≡ −
3G
2
ΘVµρ ×ΘVρν (41)
where
ΘVµρ(Q) = −eT
∞∑
s=0
Cs
∑
p0
∫
d3p
(2pi)3
tr
[
i
/P ′ + µ5γ4γ5 −Ms
γµ
i
/P + µ5γ4γ5 −Ms
γρ
]
. (42)
Expand Eq.(42) with respect to µ5, one finds
ΘViρ =− eT
∞∑
s=0
Cs
∑
p0
∫
d3p
(2pi)3
{
4( 23p
2 − P 2 −M2s )δiρ
[−p24 − (p2 +M2s )]2
+
4i(−3p24 + p2 − 3M2s )iρkqk
[−p24 − (p2 +M2s )]3
µ5
}
+O(µ25)
(43)
where we set µ = i. Notice that the integrand of second
term of Eq.(43) is zero which has been proved in the
Eq.(22). Since the linear order of µ5 vanished in one of
the two loops, the product of two similar loop does not
contain the linear µ5 and thus has zero contribution to
the CME conductivity , namely,
Πfij = 0. (44)
Combine Eq.(27), (32), (40) and (44), we find that
Πa+b+c+d+e+fij (0, q) = 0 (45)
which means the contribution from two-loop corrections
of current-current correlation is zero so that the classical
CME coefficient is completely determined by the Chern-
Simons term.
IV. DISCUSSION
In this paper, we calculated the current-current corre-
lation with respect to the CME at two-loop level within
the NJL model to check if there is higher order correc-
tions to the CME current. Someone may argue that the
CME coefficient is protected by anomaly so that it is
non-renormalized. This argument may come from the
fact when one connects the general VVA triangle dia-
gram, which is protected by the Adler-Bardeen theorem,
with the CME current by expanding the current-current
correlation in terms of µ5. However, we should empha-
size that the triangle of CME is not exactly the general
triangle but requires a vanishing momentum on the axial
vertex. Since the VVA triangle is not IR safe on the ax-
ial vertex, the current-current correlation might have the
chance to get higher order corrections. Although in the
previous paper[28], the authors proved that the one-loop
current-current correlation vanished by the cancellation
of the bare loop with its Pauli-Villars regularization, one
may still doubt whether is was a general case or just a co-
incidence. Actually, the answer to this question has been
partly addressed in the section 4 of [28]. Since we cannot
place a confidence in the general relation between trian-
gle anomaly and current-current correlation, an explicit
calculation of higher order corrections is desired. That
is the reason why we do this two-loop calculation to the
CME current. Fortunately, our result seems favour that
the CME current is free from higher order corrections
because the two-loop correction is still zero.
The problem of higher order corrections to CME cur-
rent is still far from solved since we only addressed the
two-loop level within NJL model. A real QCD calcula-
tion is desired although it is rather complicated. Never-
theless, our calculation, as a toy model of QCD, can give
us confidence that one may finally find a way to proof
that all higher order corrections vanish for some reason.
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Appendix A: The Matsubara summation
In this appendix, the sum over the Matsubara energy
p0 or k0 in the section III will be illustrated by an alter-
native method and an example is provided.
The summation of Matsubara energy iωn = (2n +
1)piiT corresponding to the fermion can be replaced by a
contour integral along the imaginary plane
M = T
∑
iωn
D(iωn) =
∮
dz
2pii
D(z)f(z) (A1)
7with the Fermi distribution function
f(z) =
1
eβz + 1
(A2)
where the contour integral takes all poles that produced
by the Fermi distribution function which equivalent to
the summation. Deforming the contour to enclose sin-
gularities of D(z), the summation can be completed by
summing up residues of D(z)f(z) over singularities of
D(z) that
M =
∑
zi
ResD(zi)f(zi). (A3)
As an example, let us consider an expression including
singularities which reads
Iµν(P ) =
Hµν(p0)
p20 − p2
(A4)
where Hµν is an arbitrary function. The sum over Mat-
subara energy iωn = (2n+ 1)piiT for fermion is provided
by
T
∑
p0
Iµν(p0,p) =T
∑
p0
Hµν(p0)
(p0 + p)(p0 − p)
=
∮
C
dz
2pii
Hµν(z)
(z + p)(z − p)
1
eβz + 1
=f(-p)
Hµν(-p)
−2p + f(p)
Hµν(p)
2p
.
(A5)
[1] D. E. Kharzeev, Progress in Particle and Nuclear Physics
75, 133 (2014).
[2] D. E. Kharzeev, Phys. Lett. B 633, 260 (2006).
[3] D. E. Kharzeev and A. Zhitnitsky, Nucl. Phys. A 797,
67?79 (2012).
[4] D. E. Kharzeev, L. D. Mclerran, and H. J. Warringa,
Nucl. Phys. A 803, 227?253 (2008).
[5] K. Fukushima, Phys. Rev. D 78, C92 (2008).
[6] D. E. Kharzeev and H. J. Warringa, Phys. Rev. D 80,
399 (2009).
[7] L. Mclerran, E. Mottola, and M. E. Shaposhnikov, Phys.
Rev. D 43, 2027 (1991).
[8] B. I. Abelev, M. M. Aggarwal, Z. Ahammed, A. V.
Alakhverdyants, B. D. Anderson, D. Arkhipkin, G. S.
Averichev, J. Balewski, O. Barannikova, and L. S.
Barnby, Phys. Rev. Lett. 103, 251601 (2009).
[9] B. I. Abelev, et al, STAR Collaboration, Phys. Rev. C
81, 183 (2009).
[10] STAR Collaboration, Phys. Rev. C 88, 129 (2013).
[11] L. Adamczyk, J. K. Adkins, G. Agakishiev, M. M. Aggar-
wal, Z. Ahammed, I. Alekseev, J. Alford, C. D. Anson,
A. Aparin, and D. Arkhipkin, Phys. Rev. Lett. 113,
052302 (2014).
[12] B. Abelev, J. Adam, D. Adamov, A. M. Adare, M. M.
Aggarwal, R. G. Aglieri, A. G. Agocs, A. Agostinelli,
S. S. Aguilar, and Z. Ahammed, Phys. Rev. Lett. 110,
012301 (2013).
[13] P. V. Buividovich, Nucl. Phys. A 925, 218 (2013).
[14] H. U. Yee, JHEP 2009, (2009).
[15] A. Rebhan, A. Schmitt, and S. A. Stricker, JHEP 2010,
1 (2010).
[16] A. Gynther, K. Landsteiner, F. Pena-Benitez, and
A. Rebhan, JHEP 2, 1 (2011).
[17] A. Gorsky, P. N. Kopnin, and A. V. Zayakin, Phys. Rev.
D 83, 014023 (2011).
[18] D. T. Son and P. Surwka, Phys. Rev. Lett. 103, 191601
(2009).
[19] P. V. Buividovich, M. N. Chernodub, E. V.
Luschevskaya, and M. I. Polikarpov, Phys. Rev. D
80, 91 (2009).
[20] A. Yamamoto, Phys. Rev. Lett. 107, 031601 (2011).
[21] S. L. Adler and W. A. Bardeen, Physical Review 182,
1517 (1969).
[22] V. A. Rubakov, arXiv:1005.1888 (2010).
[23] S. Coleman and B. Hill, Phys. Lett. B 159, 184 (1985).
[24] M. V. Isachenkov and A. V. Sadofyev, Phys. Lett. B 697,
404 (2011).
[25] A. Yamamoto, Phys. Rev. D 84, 217 (2011).
[26] Z. Zhang, Phys. Rev. D 85, 341 (2012).
[27] P. V. Buividovich, M. Puhr, and S. N. Valgushev, Phys.
Rev. B 92 (2015).
[28] D. F. Hou, H. Liu, and H. C. Ren, JHEP 2011, 1 (2011).
